We investigated the factors responsible for the heat stability of photosynthetic oxygen evolution by examining thylakoid membranes from the cyanobacterium Synechococcus sp. PCC 7002. We found that treatment of the thylakoid membranes with 0.1% Triton X-100 resulted in a remarkable decrease in the heat stability of oxygen evolution, and that the heat stability could be restored by reconstituting the membranes with the components that had been extracted by Triton X-100. l h e protein responsible for the restoration of heat stability was purified from the Triton X-100 extract by two successive steps of chromatography. l h e purified protein had a molecular mass of 16 kD and exhibited the spedrophotometric properties of a c-type Cyt with a low redox potential. l h e dithionite-minus-ascorbate difference spectrum revealed an a band maximum at 551 nm. We were able to clone and sequence the gene encoding this Cyt from Synechococcus sp. PCC 7002, based on the partial amino-terminal amino acid sequence. l h e deduced amino acid sequence revealed a gene product consisting of a 34-residue transit peptide and a mature protein of 136 residues. l h e mature protein is homologous to Cyt c550, a Cyt with a low redox potential. Thus, our results indicate that Cyt c550 greatly affects the heat stability of oxygen evolution.
When plants are exposed to temperatures above the normal physiological range, photosynthesis is permanently inactivated. The inactivation of photosynthesis occurs at relatively low temperatures; additional severe damage and the thermal breakdown of cellular integrity occur at higher temperatures (Beny and Bjorkman, 1980) . Thus, it is likely that the heat stability of photosynthetic activity determines the cellular heat tolerance.
The PSII complex is the most susceptible to heat among various components of the photosynthetic apparatus (Beny and Bjorkman, 1980; Mamedov et al., 1993) . Among the partial reactions taking place in PSII, the oxygen-evolving process is particularly heat sensitive (Katoh and San Pietro, 1967; Yamashita and Butler, 1968;  Santarius, 1975; Mamedov et al., 1993) . Therefore, the heat stability of oxygen evolution should determine the overall heat tolerance of the photosynthetic process. Nash et al. (1985) demonstrated that the heat inactivation of oxygen evolution is caused by the release of functional manganese ions from the PSII complex. To understand the mechanisms contributing to the heat stability of photosynthesis, we must examine the biochemical factors responsible for the heat stability of oxygen evolution.
The glycerolipids of thylakoid membranes were initially thought to play a key role in the heat stability of photosynthesis (Quinn, 1988) . Severa1 studies suggested that levels of saturated fatty acids in thylakoid glycerolipids correlated with the heat stability of PSII activity (Pearcy, 1978;  Raison et al., 1982 ; Thomas et al., 1986) . Recently, however, direct experimental evidence has been obtained, using mutants and transformants defective in desaturases (Gombos et al., 1991;  Mamedov et al., 1993; Wada et al., 1994) , that contradicts the previously suggested importance of saturated lipids in maintaining heat stability. Therefore, factors other than membrane lipids must be involved in determining the heat stability of photosynthetic oxygen evolution.
In the present study, we examined thylakoid membranes from the cyanobacterium Synechococcus sp. PCC 7002 to find the molecular basis for the heat stability of oxygen evolution. We found that destruction of the vesicular structure in the thylakoid membranes resulted in a radical decrease in the heat stability of oxygen evolution and that the heat stability could be restored by adding the components that had been extracted with Triton X-100. Using a reconstitution assay, we determined that the protein component responsible for the heat stability of oxygen evolution is Cyt CSSO, a Cyt with a low redox potential.
MATERIALS A N D METHODS

Preparation of Thylakoid Membranes
Synechococcus sp. PCC 7002 was obtained from the Pasteur Culture Collection. The cells were grown photoautotrophically at 4OoC for 3 d, and thylakoid membranes were isolated from the cells as previously described (Nishiyama et al., 1993) . The isolated thylakoid membranes were then suspended in medium A (50 m~ Hepes-NaOH, pH 7.5,800 m~ sorbitol, 30 mM CaC12, 1.0 M glycinebetaine, 1 m~ 6-aminon-caproic acid) and stored at O to 4OC for a maximum of 1 d.
Treatment of Thylakoid Membranes
To disrupt the closed vesicular structure of the thylakoid membranes, the membranes were incubated in the dark at Plant Physiol. Vol. 105, 1994 4OC for 5 min in medium A containing 0.1% (w/v) Triton X-100 at a Chl concentration of 0.5 mg mL-', at which the ratio of Triton X-100 to Chl was 2:l (w/w). After the components were dissociated with Triton X-100, they were separated into soluble and membrane fractions by centrifugation at 200,OOOg for 2 h. The Triton X-100 was removed from the soluble fraction using column chromatography with a 1-x 10-cm column of Bio-beads (Bio-Rad, Richmond, VA) equilibrated with medium A. The fractions eluted with medium A (nonadsorbed fractions) were collected and concentrated approximately 20-fold using a Centricon-10 centrifugal microconcentrator (Amicon, Beverly, MA).
.
Reconstitution of Thylakoid Membranes
To reconstitute the thylakoid membranes, 10 pL of the thylakoid membrane suspension previously treated with 0.1% Triton X-100 was mixed with 90 pL of the concentrated extract or Cyt csso. The mixture was incubated in the dark at 25OC for 10 min. The suspension was then mixed with 900 pL of medium B (50 mM Tricine-NaOH, pH 7.5,600 m~ SUC, 30 mM CaC12, 1.0 M glycinebetaine) and subjected to heat treatments at designated temperatures for 20 min in the dark. Following each heat treatment, the suspension was cooled to 25OC, and the oxygen-evolving activity was measured.
A similar procedure was performed to assay the column chromatography fractions for heat-stabilization activity. However, in this case the 20-min heat treatment was always performed at 38OC. The extent that each fraction prevented heat inactivation was measured, and the measurement was considered as the heat-stabilization activity.
Protein Purification
Thylakoid membranes, with concentrations of 20 mg of Chl, were treated with 0.1% Triton X-100 under the same conditions as described above, except that medium A was replaced with medium C (20 mM Hepes-NaOH, pH 7.5, 800 m~ sorbitol, 1 .O M glycinebetaine). The membrane suspension was then separated into soluble and membrane fractions by centrifugation at 200,OOOg for 2 h. The soluble fraction was applied to a 2.6-X 8-cm column of DEAE-Toyopearl 650C (Tosoh, Tokyo, Japan), equilibrated with medium D (20 mM Hepes-NaOH, pH 7.5, 0.2% n-octyl-B-D-glucopyranoside). The column was washed with 100 mL of medium D and was then developed with a linear gradient ranging from O to 0.3 M NaCl in 150 mL of medium D. Active fractions were collected and dialyzed in medium E (25 m~ N-methylpiperazine-HC1, pH 5.5), and the dialysate was applied to a Mono-P HR 5/5 column (Pharmacia LKB Biotechnology, Uppsala, Sweden) equilibrated with medium E. The column was developed with 20 mL of medium F (10% [v/v] Polybuffer 74 [Pharmacial-HC1, pH 4.0). The active fractions were recovered, and the medium was replaced with medium G (20 m~ Hepes-NaOH, pH 7.5, 10 m~ NaCl) by centrifugal concentration in a Centricon-10.
Measurement of Photosynthetic Activity
Photosynthetic oxygen evolution was measured by monitoring the concentration of oxygen with a Clark-type oxygen electrode. Measurements were carried out at 25OC in the presenoe of 100 p~ phenyl-1,4-benzoquinone tcl be used as an electron acceptor. Red actinic light, at an intensity of 430 W m-' , was provided by an incandescent lainp used in conjunction with a heat-absorbing optical filter (filter HA50; Hoya, Tokyo, Japan) and a red optical filter (filter R-60; Toshiba, Tokyo, Japan).
Analysiis of the Amino Acid Composition and Amino-Terminal Amino Acid Sequence
Purified protein was hydrolyzed in 5 N HCl at llO°C for 24 or 72! h, and the amino acid composition was determined using an automatic amino acid analyzer (modelE135; Hitachi, Tokyo, Japan). The amino-terminal sequence was determined by automatic Edman degradation using a protein sequence analyzer (model477A; Applied Biosystems, Fostw City, CA).
Nucleotide Sequence Analysis
The DNA fragment corresponding to 25 of thtb amino acid residues in the amino terminus-of the purified protein was amplified using PCR. First, genomic DNA was isolated from Synechococcus sp. PCC 7002 cells, according to the method described by Williams (1988) , and was used as teinplate DNA for the IPCR. Mixed oligonucleotides, encoding for the amino acids at positions 1 to 5 and 21 to 25, were synthesized using a DNA synthesizer (model 391; Applied Biosystems Japan, Tokyo, Japan) and used as fonvard and reverse primers, respectively. The PCR amplification product of approximately 70 bp was then cloned into a plasmid tector using the TA cloning system (Invitrogen, San Diego, CA). The nucleotide sequence was determined to ensure th4it the cloned gene coded for a portion of the purified protein.
We also created a genomic library from Synechococcus sp. PCC 7002 DNA. The genomic DNA was partially digested with Sa,u3AI, and the resulting DNA fragments were ligated into the BamHI site of the phage vector, XDASHII (Stratagene, La Jolla, CA). The genomic library was then jcreened by plaque hybridization as described by Ausubel c 't al. (1987) . Approximately 4000 plaques were transferred onto nylon membranes (GeneScreen Plus; NEN Research Products, Boston, MA) and hybridized at 5OoC for 20 h i r i a medium containrng 10% dextran sulfate, 5X Denhardt's jolution, 6X SSC, O. 1 % SDS, and 100 pg mL-' salmon spemi DNA. The library was screened using the 70-bp PCR product described above, labeled with [LU-~'P]~CTP (Random Prinier Labeling Kit; Takara, Tokyo, Japan). Following hybridization with the probe, rnembranes were washed at 5OoC for 2 h in a solution containing l x SSC and 0.5% SDS and were theii exposed to x-ray film (WIF50; Konica, Tokyo, Japan).
A total of 24 positive clones were obtained, and DNA fragmerits from the clones were analyzed using restriction digestion and Southern blotting. The Southerrl blots were probed with the previously described 70-bp probe under the same hybridization and wash conditions used t3 screen the genomic library. A 5.6-kb EcoRI fragment, contained in the 12-ltb insert of one positive clone, hybridizetl strongly to the probe and was subcloned into a plasmid vector (pBluescript I1 KS+; Stratagene). The recombinant plasmid was designated pCC55.
We then determined the nucleotide sequence of a 1.3-kb BamHI-PstI fragment within the insert of pCC55 using a DNA sequencer (model 373A; Applied Biosystems Japan) to carry out dideoxy sequencing (Sanger et al., 1977) . The sequencing reactions were performed using either the Dye Dedoxy Terminator Cycle Sequencing Kit or the Dye Primer Cycle Sequencing Kit (Applied Biosystems Japan) as described by the manufacturer.
Other Analytical Methods
The Chl concentration was determined using the method of Amon et al. (1974) . The absorption spectrum of the purified protein was measured with a slit-beam spectrophotometer (model UV300; Shimadzu, Kyoto, Japan) in the presente or absence of sodium dithionite and sodium ascorbate. SDS-PAGE was performed according to the method of Laemmli (1970) using a 15% polyacrylamide gel. After electrophoresis, the gel was stained with 0.1% (w/v) Coomassie brilliant blue R-250 (Sigma). Protein concentrations were determined using a protein assay solution (Bio-Rad) with BSA (Sigma) as a standard (Bradford, 1976) .
RESULTS
Dissociation of Factors Contributing to Heat Stability from the Thylakoid Membranes
When thylakoid membranes were treated with 0.1% (w/v) Triton X-100, the heat stability of oxygen evolution decreased dramatically (Fig. 1) . Following treatment, the temperature resulting in 50% inactivation of oxygen evolution decreased from 43 to 38OC. This suggests that the treatment resulted in the dissociation of components from the thylakoid membranes that are essential for maintaining the heat stability of oxygen evolution.
The components dissociated with Triton X-100 were separated from Triton X-100, concentrated 20-fold, and then added back to the thylakoid membranes that had been treated with Triton X-100. The concentrated components were able to restore the heat stability of oxygen evolution; the temperature for 50% inactivation increased from 38 to 42OC (Fig.  1 ). These observations indicate that at least one of the components extracted with Triton X-100 is essential for the heat stability of oxygen evolution. Furthermore, when the extracted components were filtered through a Centricon-10 filter, they lost the activity to restore heat stability (data not shown). Exposure of the extracted components to a temperature of 100°C for 10 min also resulted in the loss of activity (data not shown). Thus, the functional component appears to be a protein.
ldentification of Cyt c550 as a Component lnvolved in Heat Stability
We purified the component responsible for the restoration of the heat stability of oxygen evolution from thylakoid membranes by extraction with Triton X-100, followed by two successive steps of column chromatography, first with DEAEToyopearl65OC and then with Mono-P HR 5/5. The fractions obtained from the DEAE-Toyopearl column that were able to restore heat stability were recovered at NaCl concentrations of 0.2 to 0.3 M NaCl in medium D. No activity was recovered in effluent that contained 0.3 to 1.0 M NaC1. The activity was recovered at pH 4.0 as a single peak on the Mono-P column, whereas proteins with no activity were eluted within a pH range of 4.0 to 5.5 (Fig. 2) . This result indicates that the functional protein has an isoelectric point of 4.0. Figure 3 shows the profiles obtained by SDS-gel electrophoresis of the active fractions from each purification step. The active fraction obtained from Mono-P chromatography contained a single protein of 16 kD, without any sign of contamination.
The 16-kD protein exhibited a unique absorption spectrum with a maximum at 409 nm (Fig. 4) . Upon the addition of sodium dithionite, the absorption maxima appeared at 551, 523, and 417 nm (Fig. 4 ). An absorption change of this nature, caused by a reducing reagent such as sodium dithionite, is typical of c-type Cyt. A similar absorption change did not result from the addition of sodium ascorbate. Thus, the 16-kD protein appears to be one of the low redox potential Cyts C550, which are present in a number of cyanobacterial and alga1 species (Alam et al., 1984) . The amino-terminal amino acid sequence of the 16-kD protein is TAL-REVDRTVNLNETETWLSDQQV. Since this sequence is similar to the amino-terminal sequences of Cyt c550 from other cyanobacterial species (Cohn et al., 1989; Shen et al., 1992) , we have identified the 16-kD protein as a low redox potential Cyt c550 of Synechococcus sp. PCC 7002. Cyt c 55 o (Fig. 5) . The initiation codon was located 102 bases upstream of the amino terminus of Cyt c 550 . A typical ribosomal binding site, GAGG, was found 10 bases upstream of the initiation codon. The deduced amino acid sequence indicates that the product of this open reading frame consists of a transit peptide of 34 residues and a mature protein of 136 residues. The deduced amino acid composition of the mature protein is identical with that of purified Cyt C 550 (data not shown); thus, the identity of the gene is confirmed. The presence of the transit peptide suggests that Cyt C 550 is located on the luminal side of the thylakoid membranes. In addition, a conserved heme-binding site, Cys-X-X-Cys-His, was found at residues 70 to 74. Figure 6A shows the effect of the addition of Cyt c 55 o on the temperature profile of heat inactivation of oxygen evolution in thylakoid membranes treated with Triton X-100. 
The Thermoprotective Role of Cyt c 55 o
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Figure 5. The nucleotide sequence of the gene for Cyt c550 from Synechococcus sp. PCC 7002. The deduced amino acid sequence is shown in one-letter code under the nucleotide sequence. The amino-terminal sequence that was determined directly from the protein is underlined. The putative ribosomal binding site (SD) and heme-binding site (HBS) are double-underlined. The arrow indicates the cleavage site for removal of the transit peptide.
Cyt c550 was added to the thylakoid membrane suspension, with a Chl concentration of 5 pg mL-', at a final concentration of 2 Mg mL-'. The addition of Cyt c550 clearly resulted in an increase in the heat-inactivation profile of the membranes; the temperature for 50% inactivation shifted from 38 to 42OC. Thus, the addition of Cyt c550 restored the heat stability of thylakoid membranes to initial levels (Fig. 1) . The restoration of heat stability in the thylakoid membranes was examined using various concentrations of Cyt c550 (Fig. 6B) . Heat stability increased linearly with increases in the amount of added Cyt c550 up to a concentration of 0.6 pg mL-', at which point the molecular ratio of added Cyt c550 to the PSII reaction center was approximately 1.4. The addition of greater amounts of Cyt e550 resulted in a much slower increase in heat stability (Fig. 6B) .
DlSCUSSlON
In the present study, we investigated a factor involved in sustaining the heat stability of oxygen evolution in Synechococcus sp. PCC 7002. We assumed that the factor would be located near the oxygen-evolving site of the PSII complex, i.e. on the luminal side of the closed vesicle in the thylakoid membrane. After disrupting the vesicular structure of the thylakoid membranes with a low concentration of Triton X -100, we observed a dramatic decrease in the heat stability of oxygen evolution. We were able to restore heat stability by reconstitution of the membranes with the components extracted by Triton X-100 (Fig. 1) . We demonstrated that the component responsible for the restoration of the heat stability of oxygen evolution in Synechococcus sp. PCC 7002 is a Cyt
In addition, the nucleotide sequence obtained from our cloned Cyt c550 gene revealed the presence of a transit peptide, indicating that Cyt c550 is located on the luminal side of the thylakoid membranes.
We compared the amino acid sequence of the mature Cyt c550 from Synechococcus sp. PCC 7002 with Cyt c550 sequences from other cyanobacteria (Fig. 7) . The sequence of Cyt c550
from Synechococcus sp. PCC 7002 showed 48% identity with the Cyt sequence from Microcystis aeruginosa (Cohn et al., 1989 ) and 47% identity with a partia1 sequence of 119 residues from Aphanizomenon flos-aquae (Cohn et al., 1989) .
Cyt c550 is a c-type, monoheme Cyt, with a molecular mass of 15 kD and an unusually low redox potential (-260 mV) (Holton and Myers, 1967a, 196%) . Holton and Myers (1963) Plant Physiol. Vol. 105, 1994 been found in a variety of cyanobacteria (Ho et al., 1979; Alam et al., 1984) and in some eukaryotic algae (Yamanaka et al., 1967; Kamimura et al., 1977; Evans and Krogmann, 1983) . The physiological function and cellular localization of Cyt c550 have not yet been established, although there are severa1 hypotheses. The cellular content of Cyt c550 varies greatly among different species of cyanobacteria and may depend on growth conditions (Ho et al., 1979) . Krogmann and Smith (1990) observed that, in some cyanobacterial species, the abundance of Cyt c550 increases with cell density when the availability of light and oxygen becomes limited.
They suggested that Cyt c550 may eliminate excess electrons in.a fermentative pathway to maintain cell viability in a dark, anaerobic environment.
In addition to the water-soluble Cyt c550 described above, a membrane-bound Cyt c550 has been observed in some cyanobacteria. The membrane-bound Cyt c550 resembles the water-soluble Cyt c550 in size, spectrum, and redox properties. The bound Cyt can be separated from the thylakoid membranes using Tween 20 and acetone (Ho et al., 1979) , Triton X-100 (Krinner et al., 1982) , or 1.0 M NaCl (Hoganson et al., 1990) . It is unclear whether the membrane-bound Cyt ~5 5 0 is the same as the water-soluble one. Hoganson et al. (1990) observed that the two Cyts differ slightly in electron paramagnetic resonance spectra. Additional data, such as amino acid sequences, are needed to address the question (Krogmann, 1991) . It should be noted here that the Cyt that is located on the luminal side of the thylakoid membranes (as in the present study) can also be released from the membranes during cell breakage by treatment with a French pressure cell, shaking with glass beads, or freeze-thawing and still be recovered in the aqueous phase.
Recently, Shen et al. (1992) found that a PSII core complex, prepared from the thermophilic cyanobacterium Synechococcus vulcanus using lauryldimethylamine N-oxide and dodecyl P-D-maltoside, contained a stoichiometric amount of Cyt c550 as an extrinsic component of the PSII complex. They demonstrated that Cyt c550 enhanced oxygen evolution and facilitated the binding of another extrinsic protein, of 12 kD, to the PSII complex (Shen and Inoue, 1993a) . In addition, they noted that the Cyt was exclusively located on the luminal side of the PSII complex (Shen and Inoue, 1993b) . It is unclear whether the Cyt from S. vulcanus is the same as the Cyt in the present study. The partia1 amino-terminal sequence of the Cyt ~5 5 0 from S. vulcanus (Shen et al., 1992 ) is similar to that from Synechococcus sp. PCC 7002 with 12 of 35 identical residues (data not shown). However, the two Cyts differ in their association with the thylakoid membranes. The Cyt ~5 5 0 from S. vulcanus required the presence of 1.0 M CaC12 or 1.0 M Tris (pH 8.5) during sonic oscillation to release it from the thylakoid membranes (Shen et al., 1992; Shen and Inoue, 1993b) . A Cyt c550 identical with that from S. vulcanus was also found in PSII particles prepared from the thermophilic cyanobacterium Phormidium laminosum (Bowes et al., 1983) . In contrast, the Cyt c550 from Synechococcus sp. PCC 7002 could be dissociated from the thylakoid membranes at neutra1 pH and under low salt conditions. This suggests that the Cyt in Synechococcus sp. PCC 7002 is loosely bound to the PSII complex. Omata and Murata (1984) observed that Cyt c550 from A. nidulans was also released from the thylakoid membranes by sonic oscillation under low salt condj tions. Thus, it appears that there may be two distinct types of Cyt c550.
